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By b 1 The change in balance between the minimum balance near the end of the water year and September 30.
b a The change in snow, firn, and ice storage between the beginning and end of some fixed period, which here is the water year.
b m ( ) The snow above the previously formed summer surface as measured directly by field work in late s spring as near as possible to the time of greatest glacier mass.
b n The change in snow, firn, and ice storage between times of minimum mass. 
MACHINE-READABLE FILES
Most of the data contained in this report have been recorded on easily copied computer media. This machine-readable material is available from the World Data Center, Campus Box 449, University of Colorado, Boulder, CO 80309 <URL: http://www-nsidc.colorado.edu/NOAA/>.
INTRODUCTION
The mass balance program at South Cascade Glacier is part of a larger U.S. Geological Survey (USGS) effort to monitor glacier mass balance throughout the Western States. Mass balance at two other glaciers, Gulkana Glacier and Wolverine Glacier, both in Alaska, is also monitored by the USGS (Kennedy, 1995; March, 1998) . The broad USGS glacier monitoring program is discussed in a separate document (Fountain and others, 1997), and South Cascade Glacier is considered to be a "benchmark glacier" as described in that document. The collective records from these glaciers have formed the basis for the analysis of glacier-climate relations on a synoptic scale (Hodge and others, 1998) .
South Cascade Glacier is a small valley glacier near the crest of the North Cascade Range, Washington State ( fig. 1 ). Numerous variables relating to the glacier regime have been measured on and near South Cascade Glacier since the late 1950's. The long-term goal of this project is to understand the climate-glacier relation. A short-term goal is to document the measurements with sufficient detail so that an internally consistent record of conditions on and around the glacier can be assembled despite personnel changes, discontinuous records, and changing methods of data collection and analysis. Some periods of record at South Cascade Glacier have been documented. Work from 1957 to 1964 is described by Meier and Tangborn (1965) , work from 1965 to 1967 is described by Meier and others (1971) and by Tangborn and others (1977) . Hydrologic and meteorological data for 1957-67 are presented by Sullivan (1994) . Mass balance results for 1958-85 are summarized by Krimmel (1989) , and are presented in detail for 1986-98 (Krimmel, 1993 (Krimmel, , 1994 (Krimmel, , 1995 (Krimmel, , 1996a (Krimmel, , 1997 (Krimmel, , 1998 (Krimmel, , 1999 (Krimmel, , 2000 . The purpose of this report is to document the measurements of the 1999 balance year that are relevant to the relation between South Cascade Glacier and climate. These measurements include basin runoff, precipitation, air temperature, humidity, snow thickness and density, ice ablation, surface speed, and surface altitude.
Abstract 1 Description and Climate of the Area
South Cascade Glacier is located at the head of the South Fork of the Cascade River, a tributary to the Skagit River, which flows into Puget Sound about 100 km to the west. The region is dominated by steep terrain, with local relief of more than 1,000 m. Areas within the basin not covered by glacier ice or water are thinly veneered bedrock. The bedrock either is mantled by a thin layer of soil and, in places, with scrub conifer, heather, or other vegetation typical of the high North Cascade Range, or is covered by glacial moraine or outwash material.
South Cascade Lake Basin ( fig. 1 ) has an area 1 of 6.14 km², and ranges from 1,615 to 2,518 m altitude. A subbasin of the South Cascade Lake Basin is the 4.46-km² Middle Tarn Basin 2 , which constitutes the southern two-thirds of the South Cascade Lake Basin. Virtually all ice melt 3 within the South Cascade Lake Basin takes place in the Middle Tarn Basin.
Salix Basin is an unglacierized basin adjacent to the South Cascade Lake Basin. It has an area 4 of 0.22 km²2, ranges from 1,587 to 2,140 m altitude, and is predominantly south facing.
The climate of the region is maritime. Near the glacier, typical winter low temperatures are about -10×C and typical summer high temperatures are about 20×C. Most of the precipitation, which commonly amounts to 4.5 m annually (Meier and others, 1971), falls as snow in the period October to May.
Measurement Systems
Glacier mass balance definitions (Mayo and others, 1972) are adhered to in this report, and the stratigraphic system, which is more field compatible 1 The area of this basin has been previously reported as 6.02 km2 and 6.11 km2. These differences are due to different interpretations of the drainage divide.
2 "Middle Tarn" is an unofficial name. 3 A small, debris-covered area of perennial ice lies outside of the Middle Tarn Basin. 4 Salix Creek Basin drainage divides are poorly defined.
than the fixed date system, is usually used. The specific terms are defined where first used. Other mass balance nomenclatures are in use, notably those described by Ostrem and Brugman (1991), which could as well be used to report these results. The definitions by Mayo and others (1972) are used to maintain consistency with earlier reports on South Cascade Glacier work.
The balance year, defined by Mayo and others (1972) as the interval between the minimum glacier mass in one year and the minimum glacier mass the following year, is used in this report because most of the field measurements reference the surface formed at the end of the previous balance year. This report contains recorded data for the 1999 water year (WY), October 1, 1998, through September 30, 1999. The WY is identical to the hydrologic year which was used in earlier mass balance reports (Mayo and others, 1972; Meier and others, 1971). When information concerning these variables is required, but is outside of the WY, the required data are discussed.
All local geodetic coordinates are in meters, in which the local +Y axis is approximately true north. Vertical locations are in meters above the National Geodetic Vertical Datum of 1929. Horizontal locations are defined by a local system that can be converted to Universal Transverse Mercator (UTM) zone 10 coordinates by: UTM easting = local X (0.99985) + 642,000 UTM northing = local Y (0.99985) + 5,355,000.
Densities are given as a decimal fraction of the density of water, the density of which is considered to be 1,000 kilograms per cubic meter. All balance measurements are given as water equivalents unless otherwise stated.
Recorded Variables
Air temperature was measured at the Salix Creek gaging station, the South Fork Cascade River gaging station, the Middle Tarn gaging station, and the Hut ( fig. 1) . These records are shown graphically ( fig. 2) . Air temperature was measured instantaneously once per hour at each station. Temperature is estimated to be accurate to ±±1×C. Daily maximum (highest of the 24 hourly readings), minimum (lowest of the 24 hourly readings), and average temperatures are given in tables 1-4. Humidity was measured at the South Fork gaging station ( fig. 2, table 5 ).
Precipitation was measured at the Salix Creek gaging station ( fig. 3) . The tipping bucket gage catch was accumulated for 1 hour and recorded digitally. The gage orifice was 200 mm in diameter and had no wind screen. The precipitation gage was sensitive to 0.024 mm of precipitation. The gage operated throughout the year, but because it was not heated, measurements during November through March may be dramatically affected by snow and freezing conditions.
Water stage at Salix Creek, South Fork Cascade River, and Middle Tarn were recorded digitally. The sensors are floats with a steel tape driving a potentiometer. Stage records are shown on figure 3. The stage recorders are sensitive to ±±3 mm and are estimated to be accurate to ±±3 mm. The well at Salix was frozen from mid-January until mid-March, resulting in lost record. Stage record was lost at Middle Tarn from mid-October until mid-July due to instrument failure.
Intermittent Measurements
Snow depth and density; snow, firn, and ice ablation; and river discharge measurements are made during site visits several times each year. Instruments and facilities are also serviced during these visits.
Snow depth was measured by probing at 20 locations near the centerline of the glacier on May 27, 1999 ( fig. 4, table 6 ). Snow density was measured with an augered core near P1 ( fig. 1) 6) . Measurements of the size and shape of the glacier are made from stereo aerial photography. This photography was taken at a scale of 1:12,000 with a cartographic camera on 230-mm-wide color film and is suitable for creating stereo models, four of which cover nearly the entire basin. Other aerial or terrestrial photography or satellite imagery may exist in 1999, but no attempt was made to catalog other sources. An altitude grid (a digital elevation model, DEM) of the glacier was formed by photogrammetric measurement of altitude at a regular 100-m spacing over the area of the glacier. The location of the points in the altitude grid were the same as those used in previous reports (Krimmel, 1999) . Photogrammetrically determined altitudes are estimated to be accurate to ±±2 m, and are shown on figure 7 and table 9. Because the glacier surface was 87 percent covered with snow from the winter of 1998-99 on September 15, 1999, it was impossible to measure the elevation of a large portion of the surface photogrammetrically. The 1998 DEM, which was already a composite of the 1997 and 1998 DEM's, was used for most of the glacier surface. The error in the 1999 DEM may be several meters, but the resulting mass balance values are not affected significantly. The DEM elevations within the area of the lower glacier with ice exposed on September 15, 1999, were photogrammetrically determined.
The terminus of the glacier ( fig. 8) was digitized from the photographs by photogrammetrically measuring the locations of numerous points along the edge of the glacier. The location of the points is estimated to be accurate to ±±1 m. The area of the glacier near the end of the 1998 balance year was 1.966 km² (Krimmel, 1999) . Assuming that the area of the glacier south of Y=2,900 m is unchanged since 1998, the area of the glacier near the end of the 1999 balance year was 1.961 km². The retreat from 1998-99 was subjectively averaged to be 5 m ( fig. 8) .
The transient snow line on September 15, 1999, is shown on figure 1. Also shown on figure 1 is the estimated position of the highest elevation the transient snow line achieved in 1999, that is, the equilibrium line. The equilibrium line elevation for 1999 was 1,800 m, and the accumulation area ratio was 0.84.
Certain features on the glacier surface can survive from year to year if ablation does not destroy them. Six features on the 1998 lower glacier surface were identified on the 1999 surface in the vertical photographs. Photogrammetry was used to find the positions, estimated to be accurate to ±1.0 m, of these features on both dates ( fig. 8, table 10) . Annual horizontal speed, typically 10 m per year, was calculated from the displacements and is displayed next to the vectors on figure 8.
DATA REDUCTION Precipitation
A precipitation gage at the Salix Creek gaging station operated throughout the 1999 WY ( fig. 3) . Incremental precipitation gage catch was accumulated for each day, and the daily total precipitation is shown graphically on figure 9 and table 11. The Salix Creek precipitation measurement site is not representative of either basin because of local variations in precipitation, the difficulty of measuring precipitation when the weather is windy, and the difficulty of measuring precipitation that falls as snow. The importance of the record is to compare it with records from other years, to indicate the time of precipitation events, and to indicate general precipitation conditions.
Salix Creek Runoff
Salix Creek water stage measurements ( fig. 3 ) are converted to instantaneous discharge values, averaged for each day, and converted to a basinaveraged daily runoff ( fig. 9, table 12 ). The Salix Creek stage recorder operated throughout the water year, but the well was frozen from mid-January to midMarch, resulting in some lost record. The flow of Salix Creek at the gaging station is controlled by a weir supported by bedrock. No visible changes of the control occurred during the year; thus, the rating used to convert stage to discharge was the same as has been used since measurements began in 1960:
where q is discharge in cubic feet per second and S is stage in feet. The equation for the rating is in English units for the convenience of the author and reader, because the original stage data are in feet and the machine-readable files are in feet. Except in these two instances, stage has been converted to meters.
South Fork Cascade River Runoff
South Fork Cascade River stage measurements ( fig. 3) are similarly converted to instantaneous discharge values, averaged for each day, and converted to a basin-averaged daily runoff ( fig. 9, table 13) . The controlling weir is built on glacial outwash and moraine, and is known to be unstable. Visual inspection of the weir and surrounding foundation and diversion walls indicated that changes were minor since the last rating, and the one discharge measurement made (gage height = 1.98 feet, discharge = 63.9 ft 3 /s, July 21, 1999) indicated that the 1998 rating could be used. The rating used to convert stage to discharge was:
For stage below 0.60 foot:
For stage above 0.60 foot:
Errors in the South Fork Cascade River discharge calculations may be ±±25 percent of the determined values.
Middle Tarn Runoff
Stage measurements ( fig. 3) were converted to discharge, and subsequently to runoff ( fig. 9, table 14 
MASS BALANCE Winter Balance
Winter balance was measured May 27, 1999. Snow depth was measured by probing to the 1998 summer horizon at 20 points ( fig. 4, table 6 ). The locations of these points were measured with an encrypted GPS (Global Positioning System). Most of the locations are accurate to within ±10 m in horizontal and vertical. The probed snow depths are ± ±0.05 m. It was not always certain that the probe penetrated through the 1999 snow, or that it stopped at the 1998 summer surface. A vertical core obtained with a coring auger through the snowpack at the P1 index station ( fig. 1 ) gave an unambiguous snow depth and indicated that most of the probed depths were to the 1998 summer horizon.
Density was measured on May 27, 1999, at the P1 location using a coring auger and the bulk snow pack density was 0.53. The balance at each probe location was taken as the P1 snow density times snow depth, and these balance values were plotted as a function of altitude ( fig. 10) . A hand-drawn line formed the winter balance-altitude function ( fig. 10) , and points on that hand-drawn line (table 15) were used to interpolate the winter balance at each altitude in the 1999 DEM. Using the grid-index method, combined with the DEM from 1999, the measured winter snow balance came to 3.59 m water equivalent (WE). In most previous years the spring measurements were made in early May. In 1999 the spring measurement was delayed because of the unusually thick snow pack and general poor weather in the first part of May. Even with the relatively late spring measurements the measured winter snow balance was not much below the maximum balance. April and May were cool, with most days from May 1 to 22 having below freezing temperature at least part of the day. Runoff did not increase dramatically until May 24. For these reasons the measurements on May 27 were considered to be representative of the maximum glacier balance.
Net Balance
One stake (2) was used to measure snow melt through the summer season, and three stakes (3, 4, and 5) were used to measure ice melt ( fig. 1) . The aluminum stakes were 33 mm in diameter and 2.0 m long with a coupling on one end to allow joining sections. A wooden plug was always inserted into the bottom of the stake to inhibit melt into the firn or ice. The stakes were set in holes that always penetrated into firn or ice. In late May the snow depth suggested that most of the glacier would maintain a positive balance over the entire balance year, and that stakes would not be necessary in the positive balance areas. On the lower glacier, where ice would likely become exposed during the melt season, it was decided to rely on stakes that had be left from the previous year. Three of the 1998 stakes were found (stakes 3, 4, and 5) as the snow melted away. The ice level had been recorded on these stakes at the end of the 1998 balance year, and thus a summer surface reference could be established ( fig. 5 ).
On September 5, 1999, 10 cores ( fig. 1) were made through the snow and penetrating into the firn or ice. A stake was set at the 2,072-meter site ( fig. 1 ). The 1998 summer horizon was found in all the cores. The bulk snow pack density was measured at P1 as 0.58. On October 15, 1999, new snow covered most of the glacier and all stakes were measured to the level of the underlying 1999 summer surface. It was assumed that no ablation of 1999 balance year material occurred after the October 15 measurements. The September 5 -October 15 snow ablation was known at P1 (1,834 m)
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and at 2,072 m, and was estimated at each of the other core locations with a linear interpolation. The September 5 snow density was known at P1, and the snow density ordinarily increases slowly as the season progresses, so it was estimated that the snow density at the end of the balance year was 0.6. By applying this density factor to all the snow on the glacier at the end of the balance year, the minimum balance at each core site was estimated. The minimum balance at stakes 3, 4, and 5 was measured directly. The balance at these 13 altitudes, and one additional altitude near the zero balance line, were plotted as a function of altitude and a hand-drawn curve fitted to these points ( fig. 11) . The points on this hand-drawn curve (table 16) were used to interpolate a minimum balance value at all the 1999 DEM points. Using the gird-index method (Krimmel, 1996b) , the net balance ( b n ) was calculated at 1.02 m.
Balance-Year to Water-Year Adjustments
The final balance increment, b 1 , for the 1998 balance year was estimated at 0.05 m water equivalent (Krimmel, 1999) . This value becomes the initial balance increment, b 0 , for the 1999 balance year.
The glacier was visited on October 15, 1999, at which time there was patchy new snow on the terminus of the glacier and as much as 0.20 m of new snow on the upper glacier. October 1-5, 1999, was mild and dry, but even so, the South Fork Cascade River stage showed no diurnal rises, which suggests that very little ablation was occurring. Precipitation on October 9-10 covered the glacier with snow, and this snow was still on the glacier on October 15. 
Balance Measurement Errors
Errors in glacier balance measurements are difficult to quantify. In prior years of balance measurements at South Cascade Glacier, error values ranging around 0.10 m were placed on the balance values (Meier and others, 1971). In 1965 and 1966, more information was used to derive the balances than in 1992-98. The availability of less information in 1999 would suggest that greater errors should be assigned to the 1998 balance. The relative paucity of data for 1999 is offset somewhat, however, by the experience gained since the mid-1960's, when 20 to 30 ablation stakes were used and it was found that spatial variations in balance were similar from year to year (Meier and Tangborn, 1965) . It is more difficult to measure a large accumulation of snow as occurred in the winter of 1998-99 than a thinner accumulation, and Although other factors that affect the balance, such as internal accumulation of ice, superimposed ice, internal melt, and basal melt, are possible, they are not considered in this report. These unknowns are thought to be small and do not change the error estimations.
CONCLUSIONS
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